Abstract: Human hydatid disease (cystic echinococcosis, CE) is a chronic parasitic infection caused by the larval stage of the cestode Echinococcus granulosus. As the disease mainly affects the liver, approximately 70% of all identified CE cases are detected in this organ. Optical molecular imaging (OMI), a noninvasive imaging technique, has never been used in vivo with the specific molecular markers of CE. Thus, we aimed to construct an in vivo fluorescent imaging mouse model of CE to locate and quantify the presence of the parasites within the liver noninvasively. Drug-treated protoscolices were monitored after marking by JC-1 dye in in vitro and in vivo studies. This work describes for the first time the successful construction of an in vivo model of E. granulosus in a small living experimental animal to achieve dynamic monitoring and observation of multiple time points of the infection course. Using this model, we quantified and analyzed labeled protoscolices based on the intensities of their red and green fluorescence. Interestingly, the ratio of red to green fluorescence intensity not only revealed the location of protoscolices but also determined the viability of the parasites in vivo and in vivo tests. The noninvasive imaging model proposed in this work will be further studied for long-term detection and observation and may potentially be widely utilized in susceptibility testing and therapeutic effect evaluation.
INTRODUCTION
Human cystic echinococcosis (CE) is a major cause of zoonotic diseases of public health and economic significance. Wild animals, such as dogs and foxes, are the main sources of CE infection. Dogs ingest the organs of an intermediate host containing hydatid cysts with protoscolices. Humans are infected by contact with dogs or ingestion of eggs from contaminated water, vegetables, or other types of foods [1] . Infection with Echinococcus granulosus causes development of 1 or several unilocular hydatid cysts, which, in humans, usually develop mainly in the liver (70%), lungs (20%), and other parts of the body (brain and body musculature, 10%). The parasite has a wide geographical distribution, and despite significant efforts to control, it remains as an intractable problem for animal health and livestock economy [2, 3] . CE is mainly prevalent in humans and animal hosts in several parts of Eurasia, including the Mediterranean regions, southern and central parts of Russia, central Asia, and midwest China, Australia, parts of America (especially South America), and northeast Africa [4] [5] [6] .
Four major treatment approaches are used to control EC: (1) surgery, (2) PAIR, which involves puncture (P), aspiration (A), and injection of a parasiticidal agent (I), (3) chemotherapy with albendazole (ABZ) or mebendazole, and (4) monitoring of inactive cysts [7] [8] [9] . Surgery is considered the most effective method to achieve complete cure but often accompanied by high risks of recurrence. Drug therapy exerts certain effects on hepatic echinococcosis, but the effectiveness and toxicity of drug, as well as the stimulation brought about by long-term medication to the liver and kidneys, must be considered. Further research and development of new drugs plays an important role in achieving complete CE treatment [10, 11] . Traditional assays for monitoring infection in animal models are based on the evaluation of parasite loads in target organs by anatomopathological observations, such as microscopic examination of lesions. However, these techniques are cumber-some, laborious, and rendered difficult by the longitudinal monitoring of an infection in the same animal, which is necessary to achieve dynamic monitoring and observation of multiple time points of the infection courses. Consequently, the construction of a living experimental model of E. granulosus is required.
Metformin (Met), a drug commonly prescribed as a firstline treatment for type 2 diabetes (T2DM), has recently gained renewed interest because of its potential antitumorigenic effects. Recent studies indicate that the drug may potentially function as a chemotherapy adjuvant. Research shows that these features may be attributed to several imprecise mechanisms; thus, the potential of Met to inhibit growth of cancer cells in vitro and vivo has been suggested [12] . The results of numerous retrospective studies have repeatedly shown that T2DM patients receiving Met present decreased risks of developing various types of cancers (e.g., breast and ovarian cancers) and better responses to chemotherapy compared with those taking other hypoglycemic drugs [13] . In this work, we studied the susceptibility of E. granulosus larvae to Met in vitro.
Optical molecular imaging (OMI) is a rapidly developing biomedical research discipline that allows the visual representation, characterization, and quantification of biological processes at the microscopic and macroscopic level within intact living organisms; the technique was developed based on genomics, proteomics, and modern optical imaging techniques through qualitative or quantitative observations and research of the activities of molecules and cells in physiological and pathological processes in vivo using specific molecular markers (e.g., luciferase and fluorescent protein) [14, 15] . OMI is increasingly being utilized in disease diagnosis and therapeutic effect evaluation, and some research achievements have been obtained in preclinical studies [16] . The technique has gained popularity over the past decade because of its easy translation from in vitro to in vivo experiments, high sensitivity, and applicability to the fields of cancer, stem cells, and infectious diseases [14] . However, extensive research of an in vivo living imaging model of E. granulosus has not yet been performed. In this work, we constructed an in vivo CE fluorescent imaging mouse model that can determine not only the intensity of signals from parasites and distribution of reporter molecules but also the relationship between fluorescence intensity and protoscolex activity. We also discussed the prospective use of mouse models in establishing long-term in vivo bioluminescence models and drug sensitivity testing of E. granulosus.
MATERIALS AND METHODS

Ethics statement
All animal experiments were approved by the Institutional Animal Care and Use Committee of Shihezi University, Iran.
Animals
Pathogen-free CF-1 male mice (28-35 g) aged 6-8 weeks were obtained from Xinjiang Medical University (Urumqi, China). Groups of 4 mice were housed in a standard polyethylene cage covered with sawdust (wooden powder) as nesting material under controlled laboratory conditions (temperature± 20˚C, 12 hr light/12 hr dark cycle with lights off at 8:00 p.m., 55± 5% humidity). Each cage was cleaned every 5 days and replaced with fresh sawdust. Water and food pellets were provided ad libitum throughout experiment. Each mouse was subjected to fasting for 24 hr before the experiment.
In vitro culture of protoscolices and treatment with metformin and albendazole E. granulosus protoscolices were extracted under aseptic conditions from the hydatid cysts of infected livers of sheep presented for routine slaughter at the abattoir in Xinjiang Province, Changji. The protoscolices were sterile cultured (37˚C, 5% CO2) in medium (10% fetal calf serum) after thorough cleaning. Albendazole (ABZ) was purchased from Zhejiang Chemical Import and Export Co., China, and Met was purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Both drugs were added to the culture medium containing 10% fetal calf serum (Sigma-Aldrich) and RPMI 1640 culture medium (Sigma-Aldrich) separately or in combination. In vitro protoscolex treatment was assayed with 10 mM Met or the combination of 10 mM Met+15 µM ABZ (equivalent to 4.2 µg/ml) for 5 days. In both cases, the viability of protoscolices was assessed daily by eosin staining and observation under an inverted light microscope. Each viability test was performed using 3 replicates for each treatment condition and repeated 3 times.
JC-1 dye was supplied by Life Technologies (Grand Island, New York, USA); the dye was applied as a mitochondrial ΔCm indicator to test changes in ΔCm during protoscolex apoptosis. The ratio of red to green fluorescence intensity was determined to evaluate changes in the mitochondrial membrane potential and viability of protoscolices.
In vitro protoscolex imaging and fluorescence gradient assays
Control and drug-treated (including Met-treated and combined-medication groups) protoscolices were cultured 48 hr after addition of drugs. The 3 groups of protoscolices were transferred into 24-well plates (5,000 cells/well) and washed 3 times with PBS buffer at room temperature before staining. Then, 100 µl of JC-1 (10 µg/ml) was added to each well, and the plate was vibrated for 3 min in the dark. The reaction mixture was wrapped with aluminum foil and incubated for 30 min with gentle mixing at 37˚C. After staining, the parasites were washed thrice with 20 mM HEPES buffer (pH 7.2) and transferred to 35 mm laser confocal culture dishes (1,000 cells/dish). Images were captured by a confocal microscope (Nikon Eclipse C1 Plus). The intensities of green and red fluorescence in 10 individual protoscolices from the control and treated samples were analyzed, and images were processed using Image J software (NIH). The ratio of red to green fluorescence in the protoscolex images was calculated using NIH Image J software.
To evaluate gradient changes in the fluorescent signals, each group of labeled protoscolices was counted and subjected to fluorescent imaging in a 24-well black culture dish with the corresponding drug concentration using an IVIS system under 514 nm excitation and 529 nm emission for green fluorescence and 585 nm excitation and 590 nm emission for red fluorescence. The parasites were continuously cultured and imaged every 12 hr after the first imaging under the same imaging conditions. The intensity of the region of interest (ROI) was plotted in units of maximum number of photons per second per square centimeter per steridian (p/s/cm 2 /sr). The tendency of fluorescence intensity signals was also plotted.
Construction of fluorescent E. granulosus mouse models
To reduce the occurrence of autofluorescence from the animals at higher wavelengths, mice were pretreated with depilatories (Mayllie, CP WAX Co., Italy) to molt hair from their chest and abdomen and subjected to 24 hr fasting before in vivo assays. Under anesthesia with 5% chloral hydrate, the mouse abdomen was disinfected with iodophor (1%), and surgery was carried out using aseptic ophthalmic instruments to cut off the skin and muscle layers until the liver was exposed. The 3 groups of protoscolices (3,000 cells) were injected into the Glisson's capsule, and the incision was sutured. In the control group, the CE mice (n= 3) were injected with untreated protoscolices. All of the operations above were performed under sterile conditions. The injected mice were monitored using the IVIS system every 12 hr post-injection to obtain longitudinal fluorescence images. ROIs included green (excitation/emission wavelength= 485 nm/538 nm) and red (excitation/emission wavelength = 485 nm/590 nm) fluorescence. Each of the model mice was continuously housed in polyethylene cages in warm conditions (temperature± 35˚C) and all other conditions described above maintained. In vitro fluorescence gradient assays were performed with the control group. ROIs were drawn over the signals, and average radiant efficiency was quantified in terms of p/s/cm 2 /sr.
Statistical analysis
All data are presented as the mean± SD of more than 3 independent measurements. Significant differences were determined using the Student's t-test (SPSS version 19, IBM, Chicago, Illinois, USA), and differences were considered statistically significant when P < 0.05.
RESULTS
Metformin and its combination with albendazole affected the sensitivity of E. granulosus protoscolices
To confirm the specificity of the in vitro sensitivity of Met on the viability of E. granulosus, the death percentage of protoscolices in response to various drug treatments was analyzed. Fig. 1 shows the protoscolices divided into 3 groups. The viability of Results are reported as the mean ± SD of 3 independent studies. Statistically significant difference compared with the control group, *P < 0.05; **P < 0.01.
Met-treated protoscolices decreased over time, and 50± 5% of the protoscolices were dead after 5 days of incubation. A significant increase in anti-echinococcal effects was observed when the combination of Met+ABZ was used to treat the protoscolices. In this case, protoscolex mortality increased to over 90% after 5 days of incubation with 10 mM Met+15 mM ABZ. Untreated protoscolices remained at least 95 ± 5% viable throughout the experiment. Fig. 3 . In vitro imaging of protoscolices. (A, B) Quantitative analysis of fluorescence intensity of the drug-treated groups compared with the control. Optical imaging was performed using IVIS Spectrum; significance was tested using unpaired t-tests. Protoscolex activity could be observed by confocal fluorescence imaging
To explore the possible inhibitory effects of Met on the protoscolices, we used the ΔCm indicator JC-1 to monitor the status of apoptosis in E. granulosus protoscolices. JC-1, a charged fluorescent compound, can penetrate mitochondria and change its original color when ΔCm is altered. In normal mitochondria with high ΔCm, JC-1 accumulates as aggregates with intense red fluorescence; in damaged mitochondria with low ΔCm, it maintains its monomeric form, which exhibits only green fluorescence. Fluorescence images of the control and drug-treated protoscolices were examined by confocal microscopy, and the mitochondrial ΔCm was determined following 48 hr of Met treatment. The intensity of red fluorescence in comparison with green signals revealed no significant difference under magnification, and the relative values of red/green fluorescence ratios showed low-level dispersion with a mean ratio of around 1.2 (Fig. 2B, D) . Untreated protoscolices emitted stronger red fluorescence than green fluorescence and revealed a high ratio of red to green fluorescence with a mean value of 4.4 ( Fig. 2A, D) . The combined-medication group showed an increase in depolarized regions, as indicated by the disappearance of red fluorescence and increase in green fluorescence; in this group, the ratio of red to green fluorescence showed a mean value of 0.6 (Fig. 2C, E) .
We assessed and compared the attenuation tendency of fluorescence intensity after the protoscolices were labeled with JC-1. In this experiment, protoscolices (5 × 10 3 ) were resuspended and added to 24-well plates, after which fluorescence imaging was performed at 0, 12, 24, 36, and 48 hr. Drug-treated and control groups were monitored to quantify the fluorescence intensity and viability of protoscolices. Red fluorescent signals decreased over time in the 3 groups; however, the combined-medication group showed a marked downward trend of signal intensity, followed by the Met-treated group (Fig. 3A) . Compared with the control, the red fluorescence intensities of the 2 drug-treated groups showed obvious statistically significant differences in the fluorescence gradient assays. Over the entire course of detection, the green fluorescent signals showed an obvious rising trend that subsequently declined gradually after 36 hr in the 2 drug-treated groups; by contrast, the control group showed a consistent downward trend (Fig. 3B) . Statistical analysis results yielded obvious significant differences.
In vivo fluorescence imaging of E. granulosus protoscolices in mouse models
We assessed whether stained protoscolices could be noninvasively located and quantified in the liver of mice at different time points. To determine the feasibility of detecting protoscolex activity after drug treatment, experiments were carried out using a fluorescence imaging system (IVIS Spectrum). Drugtreated protoscolices were injected into the Glisson's capsule of the mice in 2 test groups. In the control group, model mice were injected with untreated protoscolices. The distribution of protoscolices in the liver was monitored at the supine position every 12 hr post-injection until the fluorescence signals gradually disappeared, and ROIs were tracked retrospectively around the liver area to quantify the fluorescence intensity of the infected region. Fluorescence signals were clearly detected in the infected region of the control group (Fig. 4A) . Besides stronger red fluorescence in comparison with green fluorescence, the mouse model also showed larger fluorescence regions and higher ROIs. The ratio of red to green fluorescence showed a mean value of 4.1 (Fig. 4D) . No significant differences in in- tensities of red and green fluorescence were observed in the Met-treated group over the course of monitoring (Fig. 4B) . The mean fluorescence ratio of the Met-treated group was around 1.2 (Fig. 4D) . In the combined-medication group, the 2 fluorescence reactions were clearly differentiated in terms of intensity and real-time ROI values (Fig. 4C) . The red fluorescence signal of the injection region was clearly lower than its green fluorescence signal, and the red/green fluorescence ratio showed a low value of 0.5 (Fig. 4E) .
To track the tendency of fluorescence intensity in the mice, the control group was subjected to gradient assays of the red and green fluorescence of JC-1-labeled protoscolices. The distribution of fluorescence signals in the mice was captured every 12 hr in supine position until the signals had completely disappeared. After monitoring for 36 hr, the red fluorescence faded gradually until total regression (Fig. 5A) . By contrast, the green fluorescence showed a brief increase in intensity and then gradually vanished (Fig. 5B) . Both red and green fluorescence signals completely disappeared after 36 hr (Fig. 5C) .
DISCUSSION
E. granulosus, an important and widespread zoonotic, continues to be an important health problem and substantial cause of morbidity and mortality in many parts of the world. Taking into account the lack of a platform that can support dynamic and longitudinal monitoring research, we report here, for first time, the construction of an in vivo fluorescent imaging of E. granulosus in mouse models.
Met is the first-line medication for T2DM. Results from several clinical studies show that T2DM patients treated with Met present lower cancer risks, including hepatoma [17] . Considering the similarities between hepatic cancer and echinococcosis growth, several studies of liver hydatids were based on models of hepatic cancer. Therefore, the ability of Met to interfere with the energy-generating systems of parasites was harnessed to achieve anti-echinococcal effects, which is a reasonable approach to fight parasitic infections. The potential mechanisms of action of Met in anti-echinococcals may focus on their effects on important signaling pathways. Met inhibits complex I of the intracellular mitochondrial electron transport chain, leading to a decrease in energy charge and inducing 5ʹ-AMPactivated protein kinase (AMPK) activation [18] . AMPK improves the translocation of glucose transporters and inhibits raptor, a positive regulator of the rapamycin target in TOR complex 1 (TORC1) [19] .
Several studies use a variety of dyes, including eosin and trypan blue [20] , for hydatid staining. Immunofluorescence is also used in similar contexts to stain parasites and allow observation of the microstructure of E. granulosus protoscolices. However, approaches to verify apoptosis in parasites at time points besides the 2 states of survival and death via a short and simple test have yet to be developed. JC-1 dye, as a fluorescent probe for monitoring mitochondrial ΔCm are frequently used to assess mitochondrial functions, particularly those of myocytes and neurons, in intact tissues and isolated mitochondria [21, 22] . In this work, JC-1 was used to monitor the viability of protoscolices and the state of apoptosis because this dye has been used in a very large number of published studies. We tested the pharmacological effects of Met and the combination of Met and ABZ on E. granulosus larvae in in vivo and in vitro assays to determine the anti-echinococcal effects of the drugs in terms of the relative values of red/green fluorescence. In short-term assays, Met showed anti-echinococcal effects on parasites maintained in a nutrient-replete medium, inhibiting complex I of the mitochondrial electron transport chain and subsequently inducing a decrease in the cell energy charge [23] . These changes may explain the change in ratio of red to green fluorescence observed in this work. An increase in pharmacological action after combination of Met with ABZ, a traditional antiparasitic agents [24] , indicates inhibition of aggregation in the cytoplasmic microtubule system of the parasites, which blocks the uptake of a variety of nutrients and glucose, after crossing the tegumental system and to achieve the tissue distribution.
Whether the fluorescent signal of protoscolices could be detected in vivo should be determined in a mouse model. Thus, the fluorescent signals were captured at different time points. Compared with the normal attenuation shown by the control, significant decreases in red fluorescence were observed in cells incubated with Met and the combined drug, likely because the parasites were significantly impaired by the drugs (Fig. 3A) . The intensity of green fluorescence also showed an obvious upward trend in the drug-treated groups (Fig. 3B) , both of double mark reveal statistical significance compared with the control (Fig. 3A, B) .
Sterile laparotomy was carried out in each model, and the labeled protoscolices were injected into the Glisson capsule, the main portion of the liver infected by the parasite, until a transparent vacuole was formed. We detected fluorescence sig-nals in the infected area under the condition of background separation in the mouse models, and some of the fluorescence signals were fairly strong and adequate to support quantitative analysis. We thus speculate that different signals may also be detected under different treatments of the protoscolices. This hypothesis is supported by our data showing that the intensity and region size of the red and green fluorescence signals showed no significant differences in Met-treated in the same mice compared with those of control samples (Fig. 4B) . The intensity and size of areas of green fluorescence in the group treated with combined medication were much stronger and larger than those of red fluorescence when monitored post-injection (Fig. 4C) . Hence, Met and ABZ could cause damage to parasites and affect the viability of the protoscolices. We further demonstrated that the fluorescent signals of parasites of different levels of viability, as labeled by JC-1, can be captured in both in vivo and vitro studies. Subsequently, the control group was selected to monitor the gradient of fluorescence signals, which is a decisive factor in our model, because this group showed the highest viability of protoscolices among the groups studied (Fig. 5A, B) . Both red and green fluorescence showed a gradual decay process corresponding to the decreasing viability of protoscolices (Fig. 5C) .
Previous research adopted mouse models, especially peritoneal implantation, in studies on E. granulosus describing immunology and susceptibility testing assays [25, 26] . None of these studies discussed the use of optical molecular imaging, which yields images reflecting the growth, metastasis, and in vivo mechanisms of diseases present within the context of physiologically authentic environments in a noninvasive manner [14] .
The in vivo imaging model of E. granulosus we constructed presents a limited monitoring time, which means long-term dynamic monitoring cannot be achieved presently. Fluorescence imaging, only used for short-term effect of drugs on the viability of the protoscolices, was restricted by the degenerative trend of fluorescence inevitably. Therefore, we also exerted effort to achieve a persistent bioluminescence model characterized by non-invasiveness, high sensitivity, and simple operation in comparison with conventional imaging modalities [16] . However, while most of the models that have been previously reported mainly concentrate on monocytes, such as stem and tumor cells [27, 28] , the plasmids we constructed failed to transfect protoscolices and achieve luciferase expression.
In summary, we believe that constructing a bioluminescence model of E. granulosus will be possible in future research. Given that the liver is the main tissue of drug actions and a target organ of hydatidosis, our study presents new routes for the development of small animal models of parasites that could be used to carry out effectiveness studies of anti-echinococcal drugs with in vivo models using a concentration assay that can be safely obtained in the clinical setting. Longitudinal monitoring of the growth and metastasis of parasites in the body, which will allow better options for studying this cestode, may also be achieved.
